The spectrum of an alternative type of pi-phase-shifted Bragg grating that operates at twice the Bragg wavelength, has been analysed according to a model developed for a conventional pi-phase-shifted Bragg grating.
INTRODUCTION
Optical fibre Bragg gratings (FBGs), which are an in-line optical filter produced by a periodic variation in refractive index (RI) along the fiber core, are well-established for use in telecommunications and sensing [1] . They are characterized by their Bragg wavelength, Ȝ B , which is the first harmonic resonance (i.e. m = 1) given by
where Ȝ B (m), is the reflected wavelength at the harmonics m = 1, 2, 3, …, n eff is the effective index of the fundamental fibre mode and ȁ is the grating period.
FBGs in which a discrete ʌ phase-shift is introduced through there being two gratings out of phase with each other, act as a wavelength selective Fabry-Perot resonator, allowing the light at the resonance to penetrate the stop band of the original grating, e.g. [2] . This results in a narrow peak in the transmission spectrum, which is useful for applications like single-mode operation in a distributed feedback fibre laser [3] and wavelength division multiplexing [4] .
Standard FBG fabrication is achieved via side illumination of the fibre core with intense laser light (either UV or femtosecond pulses) in which an appropriate irradiance field causes a periodic change in refractive index along the fibre core. Generally a phase mask (PM) is used; a PM of periodicity ȁ pm is designed to provide maximum contrast for the interference of the ±1 diffraction orders, giving an FBG periodicity of ȁ = ȁ pm /2 [1] . Fabrication of ˭-phase-shifted FBGs requires modification of this standard technique, and many methods have been reported, e.g. [2] [3] [4] [5] .
However, as standard phase masks also have other diffraction orders present there is an additional periodicity of ȁ = ȁ pm in the interference pattern and hence in the fabricated FBG [6] , evidenced via microscopic images, e.g. [7] and confirmed by modeling [8] , and spectrally via the existence of FBG features at wavelengths that correspond to a harmonic of ȁ pm but not of ȁ pm /2, e.g. [9] .
The recent report of spectral features at twice the Bragg wavelength, fabricated through the UV (244 nm) illumination of a phase mask of periodicity 536 nm, provides further confirmation that FBGs fabricated using the standard phase mask technique, in 1060 nm fibre, exhibit a periodicity of ȁ = ȁ pm in addition to the usual ȁ pm /2 periodicity [10] . From the results in this work, shown in Fig. 1 , it can be seen that the reflection and transmission spectra at the design Bragg wavelength of 785 nm were as expected, but at twice the Bragg wavelength (Ȝ 2B ), near 1552 nm where the features were weaker, there was a broad notch in the middle of the transmission dip and a complementary feature in the reflection spectrum. The features at Ȝ 2B are due to the multiple diffraction orders of the phase mask, since when only the ±1 orders were present, FBG features near 1550 nm could not be obtained via UV exposure [11] . It has been argued that this FBG is due to the complex refractive index structure which causes the reflection at Ȝ B to be as expected, but in which the double peak reflection at Ȝ 2B is due to the perfectly interleaved (i.e. out of phase) planes that results in an alternative type of ʌ-phaseshifted FBG [10] . Indeed, the effect occurs for the odd harmonics of the grating at twice the Bragg wavelength, but not for the even harmonics, which explains why there is a single peak at 785 nm (i.e. m = 2 in (1)) but there are two peaks in single mode fibre at 1040 nm for a FBG fabricated using ȁ pm = 1060 nm (i.e. m = 3 (in (1)) [12] .
In this paper the transmission spectrum of this alternative type of ʌ-phase-shifted grating at twice the Bragg wavelength, reported previously [10] and shown in Fig. 1(b) , is compared with a model used for standard ʌ-phase-shifted gratings [5] .
II. THEORY
The spectral transmission, T, of a ʌ-phase-shifted grating, for twice the Bragg wavelength (Ȝ 2B ) arising from ȁ = ȁ pm , can be modelled from the phase-shifted Bragg grating equation [5] by
where L is the total length of the grating of two FBGs having lengths l and l' in series, Ω is the coupling coefficient, expressed by
and ǻȕ is the differential wave number of the guided wave relative to the period of the grating as given by
with the confinement factor, Ș, defined as
Assuming that the external modulation (interference beam from UV laser) is sinusoidal, the refractive index modulation along the core direction, z, is related to the average "DC" refractive index change, Δn 0 , (and assuming the fringe visibility is 1) as
while the average "DC" refractive index change is determined from spectra by [13] 
where ǻȜ 2B is the spectral shift that occurs during the time that the refractive index increases with UV exposure, i.e. ǻȜ 2B = Ȝ 2B -Ȝ 2B 0 , where Ȝ 2B is the experimentally measured final wavelength and Ȝ 2B 0 is the initial wavelength measured when the grating is extremely weak.
III. RESULTS AND DISCUSSION
When the FBG being modelled was fabricated the UV laser beam was confined by a slit of 5 mm diameter, and so the length of the FBG (L) is the same as the slit diameter (i.e. L = 5 mm). Here it is assumed that the confinement factor, Ș, is 0.8 and the effective index (n eff ) is 1.448.
Some simulated spectra of ʌ-phase-shifted gratings at twice the Bragg wavelength are plotted in Fig. 2 After 7 minutes of irradiation with the UV laser beam, the average "DC" refractive index change was calculated as 7.9 × 10 -5 from (7). The model for this value of Δn 0 was used enabling the theoretical and experimental transmission spectra at twice of the Bragg wavelength (i.e. 1552 nm) to be compared, as shown in Fig. 3 . It can be seen in Fig. 3 that the calculated transmission spectrum is well matched with the data. Given that there were no free parameters in the calculation, this provides further support that the dual-transmission dips and associated dualreflection at twice the Bragg wavelength is due to the existence of an alternative type of ʌ-phase-shifted grating. Furthermore, any variation of the length, L, resulted in a poorer fit to data. However, since the alternative type of ʌ-phase shifted grating being considered essentially has a pair of gratings in parallel (interleaved at 180º out of phase [7] [8] ) each of the same length as the slit diameter (i.e. 5 mm), the appropriate value of L for this model is not altogether clear.
IV. CONCLUSION
The calculated transmission spectrum of an alternative type of ʌ-phase-shifted grating (which is fabricated automatically at twice the Bragg wavelength using the standard phase mask technique) based on a model used for standard ʌ-phase-shifted gratings, provided a good account of the data. Further modelling is required so that the behaviour of the optical fields in this type of ʌ-phase-shifted grating can be understood better.
